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A bstract: The LH1 complex is the major light-harvesting antenna of purple photosynthetic bacteria. Its 
role is to capture photons, and then store them and transfer the excitation energy to the photosynthetic 
reaction center. The structure of LH1 is m odular and it cooperatively  self-assem bles from  the 
subunits com posed of short transm em brane polypeptides that reversibly  bind the photoactive 
cofactors: bacteriochlorophyll and carotenoid. LH1 assem bly, the intra-com plex interactions and 
the light-harvesting  features of LH 1 can be controlled in m icellar m edia by  varying the surfactant 
concentration and by  adding carotenoid and/or a co-solvent. By exploiting this approach, w e can 
m anipulate the size of the assembly, the intensity of light absorption, and the energy and lifetim e of 
its first excited singlet state. For instance, via the introduction of Ni-substituted bacteriochlorophyll 
into LH1, the lifetime of this electronic state of the antenna can be shortened by almost three orders of 
m agnitude. O n the other hand, via the exchange of carotenoid, light absorption in the visible range 
can be tuned. These results show  how  in a relatively sim ple self-assem bling pigm ent-polypeptide 
system  a sophisticated functional tuning can be achieved and thus they provide guidelines for the 
construction of bio-inspired photoactive nanodevices.
K eyw ords: L H 1 antenna; solar energy conversion; spectral tuning; bacteriochlorophyll;
carotenoid; reconstitution; pigm ent exchange; excitation energy transfer; o ligom er size; 
pigm ent-pigm ent interactions
1. Introduction
The evolution of photosynthesis on  Earth began approxim ately  3.5 billion  years ago w ith  the 
appearance of anaerobic phototrophic bacteria in the oceans, soon (in  geological term s) follow ed 
by the em ergence of oxygenic cyanobacteria, and then by plants [1]. M illions of years of efficient 
solar energy conversion by photosynthetic autotrophs resulted in a surplus of biom ass and m olecular 
oxygen. The accum ulation of this very  reactive by-produ ct of oxygenic photosynthesis led to the 
oxidation of the planetary crust and the reductive prim ary atm osphere being turned into an oxidative 
one, saturated to a high degree w ith oxygen. As a result, evolution accelerated and all life forms could 
flourish throughout the p lanet [1]. Purple photosynthetic bacteria seem  to be a d irect descendent of 
these archaic phototrophic bacteria. Their relatively sim ple photosynthetic apparatus, com posed of a 
photosynthetic reaction center (RC) surrounded by a m odular ring-shaped light-harvesting antenna 
1 (LH 1), form ing together the so-called core com plex (RC -LH 1), is exceptional in m any respects.
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It seem s to be the oldest type of biological photodevice [2] that absorbs photons over a w ide spectral 
range and w ith  a high level of efficiency converts their energy into chem ical energy. Bacterial RC 
is a prototype for RCs present in practically  all other types of photosynthetic organism s [2]. In RC, 
w hich is the core of this photodevice, solar energy is used, w ith  nearly  100% quantum  efficiency, to 
drive electric charge separation across the photosynthetic m em brane, w hich is then converted into 
chem ically stable interm ediates [3 ]. To achieve such a h igh level of perform ance, the photosynthetic 
apparatus underwent long-lasting evolution and can be regarded as having passed the "longest testing 
procedure", during w hich its design and functioning principles could be perfected.
In m ost purple bacteria, the RC-LH1 core complex is accompanied by the accessory (or peripheral) 
LH2 or LH3 antenna complexes, w hich are structurally similar to LH1 and function to enhance the active 
cross-section for light-harvesting (LH) [4- 6]. Although the LH pigment-protein complexes in oxygenic 
phototrophs are more diverse, the m ajority of photosynthetic antennae share some key features because 
of the close sim ilarity of the m olecules they bind, carotenoids (Crts) and (bacterio)chlorophylls [7,8 ], 
and the role they serve— to fuel the RCs w ith excitations. Their overall perform ance is an interplay of 
num erous factors but there seem s to exist no strict structural pattern for the LH antennae, and indeed 
high functional efficiency in LH  can be achieved in  several w ays [7,9] . The LH1 antenna, directly 
associated w ith the RC, is remarkable in terms of its simplistic and modular but highly functional as well 
as aesthetically pleasing design (see Figure 1) [10,11]. It comprises 15-16 heterodimeric units composed 
of short hydrophobic a  and p polypeptides that bind two types of pigments: bacteriochlorophyll (BChl) 
and C rt [10,12,13]. The structures o f BChla and spirilloxanthin  (Spx), the native pigm ents present 
in LH1 from  R hodospirillum  (Rsp.) rubrum , a m odel organism  in photosynthetic research [12,14- 16], 
are show n in Figure 1 . BC hla , w hich is the m ajor functional (photoactive) and structural com ponent 
of LH 1, is a porphyrin-derived m acrocyclic tetrapyrrole that binds M g2+ in the central cavity. The 
p igm ent is highly hydrophobic and w ater-insoluble, ow ing to the presence of the side residue of 
phytyl [8] . The other com ponent, Crt, is a long-chain unsaturated isoprenoid that hosts an extensive 
system  of delocalized n-electrons, form ed by m any conjugated double C -C  bonds. The prim ary role 
of C rt is the photoprotection of the antenna bu t it also functions in LH  and contributes to structural 
stabilization of the entire p igm ent-protein  ensem ble of LH1 [17- 19]. In the fu lly  assem bled LH 1, 
each a - p  heterodim er hosts a dim er of BChla m olecules and a Crt m olecule. The a - p  heterodim ers, 
assembled in a cylinder, serve as a scaffold for a large ensemble of BChl molecules [6,11], whose role is 
to efficiently capture photons, transiently store the excitation, and funnel the excitation energy to RC, 
w here it is used to drive the photochem ical reactions.
The form ation of LH 1, som etim es referred to as B880, from  its m onom eric (B780) and dim eric 
(B820) subunits in m icellar m edium  (n-octyl-p-glucopyranoside, p-OG) is schem atically presented in 
Figure 1. The structure of LH1 is exceptional from  both  the m echanistic and engineering points of 
view  because of its unique self-assem bling property  that allow ed a p igm ent-protein  com plex to be 
com pletely  reconstituted from  the isolated com ponents [17,20] . Like other photosynthetic pigm ent 
proteins, the polypeptides and BC hl are indispensable for assem bly, and im portantly, inform ation 
about the spatial organization of the system  is encoded in  their structures [21]. In effect, the LH1 
system in a lipid environment is self-organizing, apparently w ith no need for external factors [18,20,22]. 
O ur reconstitution approach takes advantage of this feature of LH1 [18,22,23]. In this paper, w e show 
how  it can be exploited to allow  the essential functional and structural properties of a b iological 
photodevice— the bacterial photosynthetic antenna LH 1— to be controlled and tuned. These design 
principles and traits of photosynthetic antenna LH1 m ay serve as insp iration for the engineering of 
biom im etic photodevices for solar energy conversion.
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Figure 1. (A) The amino-acid sequences and structural formulae of the components of tine; LH1 antenna 
from the purple photosynthetic bacterium Rhodospirillum rubrum. (B) A scheme showtng the assembly 
of the carotenoidless (B870) and c arotenoid-binding LH1 complex ( B880) from the monomeric (B780) 
and dimeric (B820) subunits, and a carotenoid (Crt), in a micollar environment. The sizes of the 
complexes Eire not to scale. The sBructure of LH1 is taken fiom the Pretein Data Bank (entry 5Y5S).
2. M aterials and M ethods
2.1. Culturing o f  Bacteria and Isolation o f  Chromatophores
The purple photosynthetic bacteria Rsp. rubrum  S1 and Rhodobacter (Rdb.) sphaeroides  2.4.1 w ere 
cultivated anaerobically in the Cohen-Bazire m edium  [24] at 28 °C under continuous illum ination with 
fluorescent w hite light. The harvested cells w ere disrupted using a French press (2 X 15,000 psi) and 
the fraction of chrom atophores was separated from the cell debris by centrifugation (50,000 g, 90 min). 
The chrom atophores w ere stored at - 3 0  °C until use.
2.2. Isolation ofP igm en ts
Spheroidene (Sph) was isolated from the cells of Rdb. sphaereidos 2.4.1 as described by Fujii et al. [25]. 
W ater and BChla w ere extracted from  the w et cells u sing cold  m eihanol, and the Crts w ere then 
extiacted  u sing cold acetone. A fter foactionation against a saturated aqueous N aC l and n-hexane 
(1:1, v :v), fhe C rt extract w as subfected to tw o rounds of colum n chrom atography on alum ina (ICN , 
activity  II) equilibrated w ith  n-hexane. Sph w as eluted w ith  5 -e 0 %  (v :v) diethyl ether in n-hexane, 
vacuum  dried a n i  stored in a m txtura of n-hexaoo and tetrahydrofuran (4:1, v:v) at - 3 0  °C.
BChla w at isolated using; tho m ethod described by O m afa et al. [26] . A  portion of freeze-dried 
cells of Rsp. rubrum  S I  w as extracted u sing cold m ethanol. The extract w as dried under vacuum , 
dissolved in acetone, and loaded on a D EA E-Sepharose CL-6B (Sigm a-A ldrich, St. Louis, M O , USA ) 
colum n pre-equilibrated in acetone. The fraction of BC hla w as eluted w ith  20%  m ethanol in acetone 
(v:v), vacuum  dried and stored at - 3 0  °C under Ar. All the solvents w ere of high perform ance liquid 
chrom atography (HPLC) grade and purchased from Sigm a (Sigm a-Aldrich, St. Louis, M O, USA).
2.3. Synthesis o f  N i-bacteriopheophytin a
Bacteriopheophytin  a (BPheo) w as prepared by  dem etalation of BChla in  glacial acetic acid. 
The N i-substituted BC hla (N i-BPheo) w as obtained v ia transm etalation of a cadm ium  interm ediate
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(Cd-BPheo) according to Hartw ich et al. [27]. Cd-BPheo was synthesized from BPheo w ith anhydrous 
cadm ium  acetate in dim ethylform am ide. The precursor com plex w as then transferred to acetone and 
transmetalated in the presence of anhydrous N iCl2  to yield Ni-BPheo. The product was isolated using 
thin layer chromatography on Silica gel 60 (Merck, Darm stadt, G erm any) using a 5%  acetone in toluene 
as an eluent. The purity of the pigm ents w as confirm ed spectrophotom etrically and using analytical 
HPLC (see below).
2.4. Isolation o f  N ative LH1
The native LH1 antenna from the Rsp. rubrum  S1 strain w as isolated as described previously [23]. 
Briefly, the bacterial chrom atophores w ere solubilized in 0.45%  (w/v) lauryldim ethylam ine N -oxide 
(LD A O , Sigm a-A ldrich , St. Louis, M O , U SA ) in Tris-H Cl buffer and separated from  RC by 
u ltracentrifugation. The pellet of the RC -depleted chrom atophores w as solubilized in  2.35%  (w/v) 
p-OG (Carbosynth, Compton, UK) in 20 mM Tris-HCl, pH 7.8, and loaded on a DEAE-cellulose (DE52, 
W hatm an, M aidstone, UK) colum n pre-equilibrated in 0.8% p-OG (w/v). The fraction of pure LH1 was 
eluted w ith 180-200 m M  N aCl in 0.8% p-OG.
2.5. Preparation ofL H 1 Subunits
The LH1 subform s w ere prepared according to the m ethods described previously [22,28]. A 
portion of chrom atophores from  the Rsp. rubrum  S1 strain w as freeze-dried and depleted of Crts via 
repeated extraction w ith benzene, as described previously [23]. The Crt-depleted residue w as titrated 
w ith aqueous 20% p-OG (w/v) until B870 w as com pletely dissociated to the B820 form. The insoluble 
im purities w ere rem oved via centrifugation (6000 g, 45 m in) and a supernatant that contained crude 
B820 w as loaded on a D EA E-Sepharose FF (Sigm a-Aldrich, St. Louis, M O, USA) colum n equilibrated 
in a 20 m M  Tris-H Cl buffer, pH  7.8, containing 1% (w/v) p-OG. The im purities and free BChla w ere 
rem oved w ith  10-50  m M  N aC l in 1% p-OG and the B820 fraction w as eluted w ith  80 m M  N aCl 
in 1% p-OG. The m onom eric B780 form  w as obtained by  titrating  B820 w ith  20%  p-OG  to a final 
concentration of ~5%  (w/v), w hile the oligom eric B870 form w as obtained from B820 by low ering the 
detergent concentration below  its critical m icelle concentration (CM C), to 0.4% (w/v).
2.6. Pigm ent Exchange in LH1
Sph w as inserted into LH1 according to the m ethod described by  Fiedor et al. [23]. Briefly, a 
powder of Crt-depleted chromatophores was solubilized in 0.3% (v:v) LDAO in 20 mM Tris-HCl buffer 
to obtain a m ixture of B780, B820, and B870. The m ixture w as titrated w ith  Sph dissolved in acetone 
until the m axim um  of the Qy absorption band w as shifted above 880 nm. The reconstituted com plex 
(Sph-LH 1) w as kept overnight at 4 °C in  the dark and then purified on a D EA E-cellu lose colum n 
equilibrated in 0.03%  (v:v) LDA O. Pure Sph-LH 1 w as eluted w ith  200 m M  N aC l in 0.03%  LDA O. To 
insert Ni-BPheo into LH1, a portion of N i-BPheo dissolved in acetone was added to the B780-B820-B870 
m ixture before titration w ith Sph, follow ing a previously published m ethod [29] .
To determine the pigm ent stoichiom etry in LH1, the complex was loaded on a small DEAE-cellulose 
colum n equilibrated w ith  0.03%  LD A O  and thoroughly w ashed w ith  distilled w ater to rem ove the 
detergent. The p igm ents w ere extracted w ith  acetone, dried under vacuum , and the pigm ent 
com position of the extract w as analyzed using H PLC  on a 5 pm LiC hrospher Si-60 colum n (M erck) 
using a Varian ProStar (Varian, Palo A lto, CA, U SA ) system  equipped w ith  a TID A S diode array 
detector (J&M Analytik, Essingen, Germany) for on line m easurem ents of the absorption spectra. The 
extract was loaded on the colum n in toluene and eluted w ith 98.9-95.9%  toluene, 0.1% 2-propanol and 
1-4%  m ethanol (v:v) as described previously [13].
2.7. Spectroscopic M easurem ents
The electronic absorption and circular dichroism (CD) spectra were recorded in 1 cm  quartz cuvettes 
using a Cary 60 Bio spectrophotom eter (Varian, Palo A lto, CA, U SA ) and a J-815 spectropolarim eter
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(JASCO, H achioji, Tokyo, Japan), respectively. The excitation and em ission spectra w ere measured on 
a Fluoro M ax-P fluorom eter (Horiba Jobin Yvon, Kyoto, Japan), equipped w ith a cooled red-sensitive 
photom ultiplier (R2658, H am am atsu Photonics, H am am atsu City, Japan) and a 690 nm  cut-off filter. 
The fluorescence em ission lifetim e w as m easured using a tim e-dom ain Chronos BH  fluorom eter 
(ISS, C ham paign, IL, U SA ), w ith  a m onochrom ator set to 900 nm  and a H 7422P-50 photom ultiplier 
(Hamamatsu Photonics, Ham am atsu City, Japan) as a detector. The excitation pulses of 74 ps duration, 
output power of 157 m W  and 20 M Hz repetition rate w ere generated by a 374 nm or 478 nm laser diode. 
The em ission decay profiles w ere analyzed using the ISS Vinci softw are (version 2.0, ISS, Cham paign, 
IL, USA). All m easurem ents w ere taken at room tem perature.
3. R esu lts
3.1. Isolation o f  Various Oligomeric Forms o fL H l
The subunits of LH1 of various sizes were obtained via detergent-induced dissociation of Crt-free 
LH 1 (B870). The d im eric subunits B820 w ere isolated from  the C rt-depleted chrom atophores of 
w ild-type Rsp. rubrum  by  titration w ith  p-O G , until the 820 nm  absorption band w as saturated, at 
a final concentration of 3.2%  p-OG. The fraction of B820 subunits w as isolated using ion-exchange 
chrom atography on D EAE-Sepharose FF in 1% p-OG [22]. By increasing the concentration of p-OG to 
5%, the B820 heterodimer was dissociated to the monomeric B780 subunits, comprised of single a  and p 
polypeptides, each coordinating a single BChla m olecule [30]. The oligomeric B870 form w as obtained 
via reassociation of B820 in 0.4% p-OG. The association of a B780/B820 m ixture in the presence of Crts 
(in LDAO) yields the B880 form (see below ), w hich can be then purified chrom atographically [23].
3.2. Electronic Properties
The electronic absorption spectra of the subunits and reassem bled B870 com plex are show n in 
Figure 2 . The spectrum  of B780 resem bles that of m onom eric BChla , w hile its dim erization to B820 
m arkedly alters the absorption profile. All the absorption bands are red-shifted but to various degrees 
(Table 1), the Soret and QX bands by several nanom eters, while the QY transition moves from 780 nm to 
820 nm , and its intensity substantially increases. The association of B820 into B870 further lowers the 
energy of the Qy transition (870 nm ) and its intensity rem ains high, w hereas the Soret and Qx bands 
are less affected. If com pared to BChla in solution, the oscillator strength of the BChla Qy transition 
increases upon oligom erization, by  50%  in B820 and 30%  in B870 (Figure 2 ). O ligom erization of the 
subunits is accompanied by changes in the C D  spectra in the near-IR range (Figure 2 ). The CD  features 
of B780 are w eak but in the case of B820 and B870 very  distinct features appear in  their spectra, w ith 
strong bu t opposite non-conservative C otton effects that have broad lobes centered at 792 nm  and 
830 nm, and at 853 nm and 888 nm, respectively.
Table 1. The absorption and emission maxima, and the first singlet excited-state lifetime (Tfl) of BChla 
in acetone, the monomeric (B780), dimeric (B820) and oligomeric (B870) subunits of LH1, the LH1 
reconstituted with Sph (Sph-LH1) and the native LH1. The excitation wavelength was 374 or 478 nm.
Major Absorption Maxima (nm, cm-1) Fluorescence Tfl (ns)
Soret Qx Qy
Maximum (nm)
BChla 357,28011 579,17271 770,12987 775 2.9 a
B780 361,27701 586,17065 780,12821 791 2.30 ± 0.003
B820 370,27027 595,16807 821,12180 833 0.77 ± 0.02
B870 375,26667 590,16950 869,11507 887 0.61 ± 0.003
Sph-LH1 377,26525 591,16920 883,11325 904 0.79 ± 0.001
native LH1 377,26525 590,16950 881,11351 902 0.85 ± 0.02
a: value taken from Karcz et al. 2014 [31].
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Figure 2. The electronic absorption (lower panel) and circular dichroism (upper panel) spectra of the 
B780 (blue), B820 (orange) and B870 (dark pink) oligomeric forms of LH1 in 5%, 1 % and 0.4:% aqueous 
p-OG, respectively, recorded at aoom temperftuee. The abeorption spectra were normalized to the 
maximum of the S oret band whereas the circular dichroism spectra to the absorption intensity ofthe 
QY maximum. For comparison, also the absorption spectrum of monomeric bacteriochlorophyll a 
(BChlfl) in acetone is shown (black dotted line). The shaded areas denote the integrated intensities of 
the Qy transitions.
3.3. LH1 A ssem bly
The progress of LH1 form ation in the presence of Sph as m onitored by electronic absorption 
spectroscopy is show n in Figure 3 . The B780 and B820 subunits associate upon the addition of Sph 
and form  B880, i.e., the C rt-binding LH1. The com plex form ation is com plete w hen the Q y transition 
shifts to ~882  nm  and the B780 and B820 absorption bands disappear. The absorption m axim a of 
Sph (400-530  n m )  from  the first stages of recon ititu tion  are red-shifted by  ~15  nm  w ith  respect to 
the m axim a in acetone, and their positions stay constant during the folding of the antenna (Figure 3) . 
The maxima, of Sph absorptton are located in  the sam e positione as in the spectra of fully  assem bled 
and isolated LH1 [29,12]. T h t assembly oa the subunits can a lsob e induced in the absence of Crt, either 
by lowering the detergent concentration below its CMC value or by the u se o f it co-solvent, for instance 
acetone, and then the B870 com plex is form ed (not shown) [18].
Figure 3. Spectral changes recorded during a Sph-induced reassembly of LH1 from its B780 and B820 
subunits in mfoellar environment of LDAO. Tire spectra were normalized to the Qx band. The arrows 
indicate the direction of the changes in thn spectra. For comparison, the absorption spe ctrum of Sph in 
acetone is also shown (black dotted line).
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The Crt-free LH1 antenna from  Rsp. rubrum  w as used as a platform  to introduce different Crts, 
also non-native to this species, into the identical BChla-polypeptide context. The absorption spectra 
in the visib le range and the colors of the purified LH 1 com plexes w hich  w ere reconstituted w ith  
five various Crts, i.e., neurosporene, spheroidene, lycopene, anhydrorhodovibrin and spirilloxanthin 
(native), are show n in Figure 4 . W ith the increase in the num ber of double C -C  bonds contributing to 
the conjugated n-electron system, the Crt absorption bands shift to the red and the color of the antenna 
shifts from green to red (see the photograph in Figure 4). In effect, the Crt absorption bands fill the gap 
betw een the BChla  absorption bands.
Figure 4. The electronic absorption spectra and coloration (the photograph in the upper part) of LH1 
reconstituted with five different carotenoids with the length of their system of conjugated double 
C-C bonds (n) varying from 9 to 13. The structural formulae of the carotenoids are shown above the 
corresponding absorption spectra.
3.4. Intra-com plex Energy Transfer
The effects of the conjugation length in Crt on the efficiency of intra-com plex Crt ^  BChl energy 
transfer w ere exam ined, comparing; the native LH 1, w hich contains Spx, and LH1 reconstituted w ith 
Sph (Sph-LH 1). The LH  capability  of these tw o C rts, incorporated into the sam e BChla-polypeptide 
m atrix, was determined using a previously described method [33], by com paring the intensities of the 
fractional absorption and fluorescense excitation spectra norm alized to the; BChl QX bcnd  (Figure 5 ). 
The ratio of sp ectrtl integrals betw een -430 and 1560 nm givet an entimate oe the efficiency of excitation 
energy transfer. In the native LH1, the efficiency of intra-c omplex exciiatirn  energy transfer was found 
to be 40% ±  5%, w hich agrees with the values previously reported [16,17,34], In Sph-LH1 it is markedly 
higher, betw een 85%. and 9 5 % w h ich  is significantly different from  58 -75%  previously  found in the 
LH1 from Rdb. sphaeroides w hich contained the sam e Crt, either native or reconstituted [17,34,35c.
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Figure 5. The electronic absorption spectra of B870 (blue line;) and LH1 reconstituted either with 
spheroidene (dark yellow line) or spirilloxanthin (purple line;). In the inse rt, the overlapped absorption 
and fluorescence excitation spectra of the two complexes are shown. The spectra were normalized to 
the Qy band.
3.5. Excited-State Properties
To assess how the properties of the first excited singlet state of polypeptide-bound BChla change 
depending on the o ligpm erizaeionstate of th ep ig m en t, the fluoresaence lifetim e (Tfl) of LH1 and its 
subum ts w as determ ined using picosecond tim e-resolved fluorom etry. The values of Tfl arc; sim ilar 
to the one reported previously; [30,36] and very  strongly depend on the degree of LH1 subunie 
oligom erizaSion. "The em ission of fluorescence from  the m onom eric pigm ent is relatively long-lived 
(Table 1), w ith Tfl ranging from 2.3 to 2.9 ns. In the oligomeric forms Tfl drastieally decreases to a aub-ns 
range, betw een 600 and 8100 ps .
The L H 1 reconstitu tion technique facilitates the insertion of m odified BChls into the antenna 
com plex. This approach w as used t r  partially  replace the native p igm ent w ith  its N i-substituted 
analog, N i-BPheo. This substitution does not lead to significant changef in the electronic absorption 
and C D  spectra of LH1 (not: show n), w heroas its S .  state features change drastically, as illuotrated 
in Figure 6 . The em ission ls quenched eom pletely w hen the eonSent of N i-BPheo in LH 1 reachet 
15% regarding the native BChla (Figuoe 6/ A). A t ths sam e tim e, the em ission decay profile becom es 
bi-exponential, w hich  contrasts a m ono-exponential decay in the non-subatituted LH1 (Figure 6B ). 
The single em ission com ponent detected in the latter case correaponds to a rfl v a lre  of 790 ps. The same 
com ponent iTfl 1-800 ps) is found in the (emission from LH1 contam ing Ni-BPheo, in addition to a very; 
shori-lived om ission, w ith  Tfl <  1 ps (below  the tim e resolution of the apparatus). The contribution 
of phe long-lived co m ponent decreases w ith  the; grow ing content of N i-BPheo incorporated in LH1 
(not shown).
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Figure 6. (A) The ste ady-state emission spec tra of LH1 substituted with va rying amounts of Ni-BPheo.
(B) Fluorescence decay profile s of LH1 substitute d with e% (red trace) and 18% (blue trace) of Ni-BPheo, 
with the fitted emission lifetime eomponents . The traces were normalized to the maximum intensity.
The optical density of the samples at the excitation wavelengOh (478 nm) was 0.1 cm-1 .
4. D iscu ssion
4.1. Tuning o f  the Oligomeric State
The equilibrium  betw een the LH1 subunits B780 ^  B820 ^  B870/880 can be pushed tow ards 
oligom erization by  enhancing the polypeptide-cofactor and polypeptide-polypeptide interactions, 
w hich can be achieved in several w ays. A t high concentrat ions of surfactant (5% p -O G ) thd antenna 
is com pletely  dissociated into the m onom eric 13780 subunits. U pon low ering of the surfactant 
concentration, the subunits chmerize to B820, which further asnociate to B870. "The subunit oligomeric 
state is reflected in the chedacteristic position o° the QY abserption band and shape of the CD spectrum, 
vehicle facilitates a convenient m onitoring of the oligom erization stages (Figure 3 ). The assem bly of 
LH ° is accompanied by a gradual red-shift of the Qy  transition of BChla from 780 nm to 8810 nm, while 
in the CD spectrum  a strong; Cotton effect nppea-s in the correspending spectral rsgions, w ith the sign 
inverted w hen goibg from B820 to n870. Depending on the oligomer size, the oscillator strength op the 
Qy  tran sitio n o f BChla increaees by 50%  (13820) and 30%  (B8s 0), w hich is indicative of an m trease in 
the d(pole strength of the low est energ°y transition (see below).
The introduction of C rt and organic co-solvent into the reconstitution m ixture also m arkedly 
affects the equflibrium  betw een B780, B820, and B8701880. C rt triggers the araem bly of B880 even 
at a very  lnw  C rt-to-subu nit tatio , w hich  indicates a high affinity of C rt to it( b inding sites tend 
cooperativity  o f C rt-subunit association and cooperative fold ing of LH1 [23). The red-shift of tha 
absorption bands of LH 1-bound Crt, as observed from  the onset of reconstitution, also speaks for 
strong interactions between Crt and the a  and p polypeptides. Thn driving force foa nomplex assembly 
it  m ostly  provided by  g - t i  stacking batw een Crb and arom atic residues at the core of the helical 
ttansm em brane regions of thn polypeptides [37], a i well es vie hydroplaobic inSeractione [38]. Acetone, 
the co-solvent used during110]¾  reconstitution, affects ,he propertiar of both the medium , by lowering 
its perm ittivity0 and surfactant, by  (nereasing the C M C  value. In  effect, electrostatic interactions 
betw een the interfaces of She transm em brane g elical fragm ents o f the a /  p p o ly p rp t(des are greatly 
intensified and the therm odynam ics of LH 1 aisem bly in a miceflnr m edium  is under the strong conteol 
of co-solvent and tiee C rt cofacton [18,38]. A  sim ilar stabilizing effect of Cots w as found in LH 2 [33]. 
In the absence of these external factors, tine interaction energy (AH°) betw een the LH1 polyppptides 
eq u ils  - 5 8 0  kJ/m ol. In the presence of acetone, AH° increases to - H 6 0  kJ/m ol, and then to as m uch 
as - c900 kJ/m ol in  the presence of Crt. Intriguingly, despite (hese stabilization effects o f C rt and 
co-solvent, and the i ncrease in the inter-subuni t interaction e nergy, the (driving force for the as sociation 
rem ains alm ost conslant, apparentlyd u e to efficient enthalpy-entropy com pensation in th e  system .
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4.2. Tuning the Light-H arvesting and Excited-State Features
The spectral range and the intensity  of light absorption are am ong the m ost im portant aspects 
of LH  using photosynthetic antenna com plexes and in LH 1 they can be controlled by  varying the 
aggregation state of the subunits. Thus, the key photophysical features of BChla, its major chromophore, 
are tuned in such a w ay that the pigm ent S i state energy is lowered, w hich shifts the light absorption 
from the far-red edge of the visible range to the near-IR region. At the same time, due to hyperchromism, 
the cross-section for light absorption in this spectral region increases considerably. Two m echanism s 
seem  to be responsible for such a sophisticated level of tuning available to the purple photosynthetic 
bacteria. The S 1  energy is low ered due to excitonic interactions betw een BC hla  m olecules, w hich  in 
turn enables a certain intensity borrow ing to the S0  ^  S 1 transition from the higher energy transitions 
(see below) [36,39].
Light absorption in the blue-green spectral region can be tuned as well, via modifications of the Crt 
cofactor. As illustrated in Figure 4, this is achieved by varying n— the size of the delocalized n-electron 
system  of C rt. In  effect, the gap betw een the Soret and QX transitions in BC hla  (see the absorption 
spectra in Figures 4  and 5), can be filled up w ith  the absorption  bands o f C rts and this im proves 
the capturing of photons in  the visible range. H ow ever, this im provem ent com es at a certain  cost, 
specifically the efficiency of the intra-com plex Crt ^  BChl energy transfer is som ew hat comprom ised. 
From alm ost 90%, w hen the antenna binds Sph (n =  9), it drops to ~30%  in either native or reconstituted 
LH 1 that contains Spx (n  =  13). The m ost plausible reason for this dependence is the shortening of the 
lifetim e of the S 2  donor state of C rt as n is increasing [16,40]. E fficient and fast intra-com plex C rt ^  
BChl energy transfer takes place only if Crt is incorporated into properly folded LH1 [17] and hence its 
efficiency, being strongly dependent on the mutual orientation and inter-pigment distances [33], can be 
regarded as an  indicator that the assem bled antenna com plex is functioning properly. A  very  high 
efficiency of energy transfer in Sph-LH 1, reaching 90% , confirm s that a fully functional LH1 com plex 
incorporating the non-native Crts has been reconstituted [16,23]. In this context, it should be noted that 
in the native photosynthetic antennae neither LH  nor structural stabilization but the photoprotection 
seem s to be the m ost im portant role of Crts [19].
The red-shift of the Qy band and the characteristic shape of the CD spectra of B820 and B870 show 
exciton splitting of the energy levels of BChla in LH1, w hich is due to excitonic coupling in the ensembles 
of chromophores [41]. Such an interaction is observed w hen transition dipole m om ents of participating 
pigments are physically very close (<  10 A), and their mutual orientation is in head-to-tail geom etry [42]. 
This im plies a specific arrangem ent of BChls in B820, w hich is achieved through association betw een 
the a / (3 polypeptides, induced via ion-pairing and hydrogen-bonding of com plem entary N -term inal 
dom ains in each polypeptide [43]. n -n  stacking betw een paired BChls and pigm ent-polypeptide and 
polypeptide-polypeptide hydrophobic interactions, w hich  involve the phytyl m oiety  of BC hl and 
a-helical core of the polypeptide, also prom ote dim erization/oligom erization [18,43,44]. The assembly 
of B820 subunits into a B870 complex brings about a further red-shift of the Qy band and characteristic 
C D  features in the near-IR  region (Figure 2), w hich  suggests that excitonic coupling is enhanced, 
involving both intra- and inter-dimer interactions that engage a larger num ber of chromophores. Such 
spectral changes reflect the form ation of a supercom plex, i.e., a large array of electronically coupled 
B C hla  m olecules. The electronic excitations in such system s are delocalized over several pigm ent 
molecules [45]. Another indication of exciton delocalization is an increased radiative rate in a molecular 
ensemble [36], the so-called superradiance, w hich is manifested in the shortening of the S 1 state lifetime, 
as reflected in the fluorescence lifetim es of the oligom eric forms of BChla (see Table 1).
The interactions betw een pigm ent m olecules and the a  and 3 polypeptides in the assem bled 
antenna are responsible for the tuning of excitonic interactions, w hich is achieved by  m aintaining a 
specific spatial arrangem ent of chromophores. Due to such tuning of BChl by the polypeptides in LH1, 
the quenching effects that would be expected to occur at a high local concentration of the pigm ent are 
also d im inished [6,46]. The sam e design principle is exploited in the peripheral LH 2 com plexes of
Materials 2019 ,12 ,3554 11 of 14
purple bacteria for collecting solar energy following the excitation sink principle, whereas the excitonic 
coupling of chrom ophores in LH1 allow excitations to concentrate near the RCs [6].
The chem ical engineering of (bacterio)chlorophylls opens further possibilities for the tuning and 
m odifications of the photosynthetic antennae. A  very  useful seem s to be the substitu tion of central 
M g2+ ion w ith  d ivalent transient m etal ions, such as C u2+ , N i2+, C o2+, Pd 2+ or P t2+, ow ing to their 
specific m ode of bonding to the core nitrogen atom s. D ue to the unfilled d shell, such cations form  
strong mixed coordination-covalent bonds in the central cavity of (bacterio)chlorophylls [47,48]. This 
brings about novel photophysical features in the m etallosubstituted pigm ents [47,49], w hile their 
relevant chem ical properties, such as axial ligand coordination, rem ain unchanged. This facilitates 
their interactions with pigm ent-binding polypeptides and enables pigm ent exchange in LH1. Owing to 
the exceptional m ode of the central metal binding, the internal conversion and/or intersystem  crossing 
in the m etallocom plexes are strongly affected [50- 52]. In the extrem e case, radiationless decay of the 
excited singlet state of N i-BPheo takes place in less than 100 fs, during w hich the electronic excitation 
is converted into heat w ith  100% efficiency [47], w hich m ay be particularly advantageous. N i-BPheo 
readily replaces BChla in LH1 and, w ith an extremely short-lived S1 state, it can be used as an ultrafast 
excitation trap to probe energy m igration pathw ays and exciton delocalization in both LH1 [13,53] 
and RC com plexes [54] . The transient fem tosecond absorption m easurem ents in the LH1 com plexes 
that contain  N i-BPheo show ed that exciton delocalization over BC hl ensem ble in LH1 is large and 
involves at least 10 BChla molecules. Furthermore, a single Ni-BPheo m olecule per 20 BChla molecules 
suffices to entirely quench LH1 fluorescence [13]. A very sim ilar quenching effect is seen in LH1 from 
Rsp. rubrum, reconstituted w ith varying amounts of N i-BPheo (see Figure 6). The incorporation of the 
Ni-analog of BChla as the excitation trap drastically shortens the fluorescence em ission lifetime of LH1 
w hich gives rise to another level of control of the antenna excited states.
5. C onclusions
The self-organizing polypeptide-cofactor system of the LH 1 antenna from purple photosynthetic 
bacteria is a prom inent exam ple of a tunable biological photodevice. The tuning in LH1 is m ulti-level 
and concerns alm ost every aspect of the system ; from  its size and subunit oligom erization state, 
through the therm odynam ics of its assembly, to its photophysics and LH  features. There are several 
ways to control the reversible assembly of LH1 in lipid/micellar media, by adding a Crt cofactor and/or 
a co-solvent, or varying the tem perature or the concentration of surfactant. The changes in  the LH1 
subunit oligom erization state are paralleled by  sophisticated tuning of the photophysical features 
of the m ajor chrom ophore, BChla, to optim ize the LH  and excitation energy transfer by  the antenna. 
The C rt exchange approach enables the LH  capability  of LH1 to be tuned to take better advantage 
of photons available in the visible spectral region and to im prove the efficiency of the intra-com plex 
excitation energy transfer, in addition to photoprotection of the system. Another level of LH1 tuning is 
feasible via chem ical m odifications and exchange of the cofactors.
The bacterial photosynthetic antenna LH1 is an exceptionally versatile model system in w hich the 
principles of tuning the key functional features can be dem onstrated as w ell as investigated in detail. 
The system is self-organizing in the lipid environm ent and the inform ation required for its assembly is 
encoded in the structures of its com ponents. Very significantly, LH1 design facilitates sophisticated 
functional tuning of its chromophores, resulting in highly efficient LH over a broad spectral range, the 
excitation storage and its concentration tow ards RC, and the photoprotection, w hich is crucial in a 
system  w ith  a continuous energy flow  through. Obviously, how ever, the biosynthetic costs of such a 
photoactive biological device are very high. Its assem bly in the bacterial photosynthetic m em branes 
requires a concerted cooperation between its com ponents— three different types of biochem ical entities, 
each being the product of a different biosynthetic pathway. D espite that, LH1 provides us w ith  
num erous and challenging design guidelines for the construction of m an-m ade photodevices for 
efficient solar energy harvesting and conversion.
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